Bulk in the distal colon provides protection against a range of large bowel disorders, but a simple standardized measure of the relative bulking efficacy of foods, for use in dietary management of distal colonic bulk, has not been available. This paper describes a faecal bulking index (FBI) for standardized measurement of the relative colonic bulking efficacy of foods relative to a reference material. Faecal bulking index is defined as the mass of fully rehydrated faecal matter accumulated by the distal colon per gram of a food consumed, as a percentage of the matter accumulated from the same weight of a reference food. The FBI of foods was measured after feeding adult rats at moderate levels by partially or completely replacing sucrose in a baseline diet already containing mixed dietary fiber. Faeces were collected, dried, weighed, allowed to imbibe water until fully rehydrated, reweighed and their mass and water holding capacity measured. The FBI was calculated as the increase over baseline in rehydrated faecal mass induced by a test food as a percentage of the increase due to wheat bran (reference). The FBI values were measured for 69 diets including breakfast cereals, breads and other bakery products, fruits, vegetables, food ingredients and polysaccharides. Values for most foods ranged between almost zero for some starch-based foods to about 50 for wheat bran-enriched breakfast cereals, but laxatives based on fermentation-resistant hydrated polysaccharide had FBI values well in excess of 100 (FBI for psyllium = 500). The FBI values allow foods to be ranked according to their faecal bulking efficacy on an equal edible weight basis. They can also be used to calculate the bulking action of any amount of food in terms of equivalents to a reference material such as wheat bran. Wheat bran equivalents allow the cumulative intake of potential distal colonic bulk to be monitored for single foods or mixed meals, and shortfalls to be quantified for dietary modification or supplementation. Measures such as FBI or wheat bran equivalents would prove more useful than dietary fiber in controlling 'functional foods' promoted as effective bulking agents.
Introduction
Bulk in the distal colon is generally accepted as essential to maintenance of large bowel health. 1, 2 It has a number of direct positive effects including distribution of intracolonic pressure, stimulation of defecation, dilution of toxins and other indirect benefits from the fermentation that such bulk usually supports when it is derived from plant material in the diet. 3 Low stool weights are correlated with constipation, diverticulosis and increase in a range of risk factors for colorectal cancer. 4, 5 Faecal bulk has been shown to be a potent index of colon cancer risk in the Australian population. 6 It is one of the most important factors preventing constipation, which is widespread in the fiber-depleted, sedentary and ageing populations typical of most developed countries today, and for this reason alone the development of data sets for managing colonic bulk deserve attention Despite the importance of bulking efficacy of foods, a standardized measure of it for use in food selection has not been available. Most previous work on colonic bulk has focused on the role and effects of dietary fiber on faecal bulk. 7 Dietary fiber content is at present the only indicator available to guide consumer choice of foods for faecal bulk, but it cannot do so with any reliability because fibers vary in their resistance to fermentation and in their water-holding capacity, 4, 5 and large quantities of material other than dietary fiber enter the colon. 8, 9 Dietary fiber is seldom eaten apart from the food matrix in which is immersed, and it varies in quantity and characteristics from food to food, making it difficult for consumers to use as a basis for predicting effects of a food on their large bowel contents, especially when they must deal with whole foods and in everyday quantities such as cups and spoons.
With the development and marketing of foods containing so-called functional ingredients, there is an increasing need for manufacturers and consumers to be able to assess the degree to which properties of foods such as bulking capacity are expressed, because quantity of a component is often a poor indicator of the amount of in vivo effect that it will induce. A measure of the relative capacity of foods to contribute bulk to the distal colon would allow direct comparison of whole foods against a familiar standard, and would be far more useful in dietary management of colonic bulk than fiber content.
The relative impact of foods on colonic bulk would be best measured using a standardized in vivo model that can economically mimic the complexity of the human colon, in which the effects of a food on its contents are influenced by the overall composition of the diet, rather than by a single food component such as dietary fiber. Distal colonic bulk is an emergent property of whole foods interacting with the gut, and is the net result of many interdependent processes including digestion, endogenous secretion, fermentation of nondigested food residues and endogenous secretions, bacterial growth, secretion and absorption by the hind gut, water holding by the residue, and others, all of which would be difficult to reproduce in the appropriate combination in vitro.
In this paper a faecal bulking index (FBI) of the relative bulking efficacy of human foods after conversion to faecal matter in the monogastric gut, is described. The FBI is defined as the weight of fully rehydrated faecal mass accumulated per unit of edible weight of food consumed, as a percentage of the amount accumulated per unit of edible weight of a reference food consumed, and it uses the laboratory rat as an animal model system.
Materials and methods

Animals
Male Sprague Dawley rats were raised on a standard pelleted diet until they weighed 300 ± 50 g. They were housed individually in hanging wire bottomed cages in a rack containing 30 cages per side, in a controlled environment room (light, 12 h; dark, 12 h; temperature, 21°C; humidity 50-60%). Water was provided ad libitum.
Materials
Hard wheat bran was obtained from Champion Flour Mills, Palmerston North, New Zealand. All cereal products and fruit and vegetables were bought from a local supermarket. All dry products such as breakfast cereals were fed without further drying. Baked foods such as bread were air dried in a convection oven at 50°C. Fruit and vegetables were freeze-dried. All were passed through a mill with a 1 mm sieve plate and stored in plastic bags at about -20°C until made up into the diets. Sucrose as castor sugar and corn oil were bought from Faecal bulking index 75 a local food retailer. All of the vitamins and minerals used in the rat diets were of high quality.
Diets
The composition of the experimental diets is shown in Table  1 . All diets contained a basal level of about 4% mixed non-starch polysaccharide provided by hard wheat bran (0.25 mm):apple pectin (Mexpectin TM ; Grinsted Products, Denmark) (4:1; 50 g/kg diet) plus 9.3 g cellulose/kg diet added in the mineral mix, to ensure that even with test foods of very low fiber content there was sufficient non-digestible and non-fermentable throughput to ensure normal gut function, an abundant and diverse hind gut flora and rapid replacement of gut contents upon changing diets. A new diet was almost always apparent in the faeces within 24 h.
Trial diets were based on the baseline diet, which contained 50% sucrose. Test and reference diets were the baseline diet in which sucrose was replaced with a test food mix or with the wheat bran reference material to a maximum level of 50% of the diet ( Table 2 ), so that all groups had the same starch loading from the standard food ingredients. A bulk quantity of complete diet without the sucrose was made and the trial diets were formulated by adding sucrose for the baseline, wheat bran/sucrose for the reference and test food or test food/sucrose for the test diets. Each set of trials always included a baseline and a reference group in addition to the test diets.
The inclusion rate of test foods varied (Table 2) and was related to the recommended daily intakes of food groups in the human diet on a dry weight basis. Most starchy foods such as breakfast cereals and bakery products were included at 50% of the diet, fully replacing the sucrose. Fruit and leafy vegetables were included at a lower level which was never sufficient to cause diarrhoea.
Feeding
The feeding trials used groups of either five or six rats per group in batches of 60; either six groups with five rats per group or 10 groups with six rats per group. All groups were initially fed the baseline diet until accustomed to the powdered diet and their intakes had stabilized.
The sets of trials were conducted in a 7-day rotation. For the first 2 days all groups were fed the baseline diet. In the following 5 days one group continued the baseline diet, one was fed the reference diet and the remaining groups were fed a selection of the test food diets. During the 5-day period in which the test diets were fed, the first 2 days were treated as a clean out period and the last 3 days (days 5, 6, 7) as providing intakes for a balance period with faeces collected on the morning of days 6, 7 and 8. The eighth day was the first day of a new set of trials starting with the introduction of baseline diet in the afternoon. Before commencing a new trial the rats were redistributed so that each rat in a new group had come from a different group in the previous round. The protocol is summarized in Fig. 1 .
Feed intakes were measured daily over the 7-day trial period. The daily feed ration was restricted to 25 g/rat weighed into glass pots placed in the cages in fixed pot holders at 16.30 h. The pots were removed at 09.00 h the following morning and reweighed.
Faecal collections
Faeces were collected beneath the wire mesh cages on a double thickness of blotting paper to ensure rapid dispersal of urine, and each morning of the collection period were separated from any diet spillage and placed in open jars to air dry. Diet spillage was retained and weighed at the end of the trial and taken into account when calculating dietary intakes.
Faeces from each rat that were collected over the 3-day balance period were pooled and the air dry faeces freezedried to obtain a value for dry matter output.
Faecal water-holding capacity
Ten dry faecal pellets were taken at random from the collection from each rat and weighed. To rehydrate them they were placed on a 3 × 10 cm blotting paper strip covering the lid of a 50 mL plastic pot in a tray. The pot and lid were preweighed. The faeces and lid were covered by the inverted pot and water was added to the tray. The blotting paper strip acted as a wick through which the pellets rehydrated while the inverted pot maintained a humid atmosphere. After 24 h rehydration the pots were removed one at a time, wiped dry of any condensation, the rehydrated pellets were tapped into the pot, and the lid was wiped and screwed on tightly before the pot plus lid and rehydrated pellets were reweighed to enable rehydrated faecal mass to be determined. Waterholding capacity (WHC) was calculated from the difference between dry and rehydrated weights.
Rehydrated faecal volume was determined by removing the rehydrated faecal pellets to a preweighed 10 mL graduated centrifuge tube and a known volume of water added (usually 5 mL). The faecal pellet was fragmented to ensure that all air bubbles were removed and the rehydrated faecal volume in the tube measured as total volume minus the volume of added water.
Calculations
Faecal dry matter output was calculated per 100 g dry feed intake to eliminate effects of different feed intakes. To compare colonic bulking effects the amount of moist faecal mass accumulating in the lower large bowel is expressed per unit weight of food consumed.
The FBI values were calculated to obtain a relative measure of the effects of diets on the bulk of colon contents before dehydration. The FBI is defined as the mass of fully rehydrated faecal output per unit weight of food consumed, as a percentage of the rehydrated faecal output per unit weight of a reference material consumed: FBI is calculated using the following formula:
For the above equation: FBI = faecal bulking index T = mass of rehydrated faeces/100 g feed intake for test diet B = mass of rehydrated faeces/100 g feed intake for baseline diet R = mass of rehydrated faeces/100 g feed intake for reference diet Pr = proportion of reference material in reference diet Pf = proportion of test food in test diet %DM = dry matter percentage in test food
Data analysis
Calculations and statistical analyses were carried out using MINITAB (Release 12) software (Minitab Inc., PA, USA).
Results
The various diets influenced both the dry matter output per unit weight of food and the water held per unit of dry faecal matter (WHC; Table 3 ). The effect on faecal dry matter was, in the case of most foods, more pronounced than the effect on water-holding capacity. The difference between diets inducing the smallest versus the largest absolute increase in faecal dry matter output was about fivefold, whereas the waterholding capacities of foods varied over a twofold range, except for the non-fermentable gums psylium and ispaghula (diets 51-58) which more markedly increased the WHC of the faeces. Faecal dry matter outputs were increased most by foods containing wheat bran, whereas starch-based low-fiber foods had very little influence on either faecal dry matter output or WHC. Products with added bran, such as All Bran (diet 13), bran flakes (diet 14), wholemeal bread (diet 26), Anzac biscuits (diet 30) and those containing bran because they were whole wheat products, such as whole wheat biscuits (Kornies; diet 15), puffed wheat (diet 17) and miniwheats (diet 21), had relatively high FBI. In contrast, bran-free cereal products such as cornflakes (diet 16), puffed rice (diet 18), white (diet 23) and Fiber White TM (diet 24) breads added little to colonic bulk. The ability of brans in cereals other than wheat to augment faecal bulk was evident in the case of rolled oats (diet 19), oat bran (diet 20) and rye flour (diet 44).
Fruit and vegetables (diets 33-42) in general had very low FBI. Dried pears (diet 33) were an exception, perhaps due to the presence of highly lignified stone cells in their flesh and because they were dehydrated and therefore had a high dry matter content in edible form. Ground linseed (diet 48) very effectively increased faecal bulk, no doubt because linseed is a small seed with a large proportion of fermentation-resistant seed coat.
Diets containing polysaccharides showed extreme differences in faecal bulking, pectin (diet 57) had an FBI of 3.6 compared with a value of 441 for isogel (diet 53; 90% ispaghula gum), a more than 100-fold difference.
The data in Table 4 for baseline and wheat bran diets indicate that the procedure for measuring FBI is reasonably reliable and robust within the range of bran concentrations used here. Wheat bran test mixes provided several levels of wheat bran in the diet: 50% (diets 9 and 59-61); 25% (diets 7, 11, and 62-64); 12.5% (diets 6 and 10); and 37.5% (diets 8 and 12); yet after adjusting for the level of wheat bran, all had reasonably similar FBI. Reliability in measurement of the FBI for baseline diets containing caster sugar was similarly high for both weight-and volume-based indices. A very crude estimate of error was obtained from foods with FBI values between 10 and 50, which had a mean FBI of 19.9 with a standard error of 2.9, giving an approximate overall coefficient of variation of 15%.
The application of FBI values to the ranking of foods on a fresh weight basis is shown in Fig. 2 . Wheat bran-containing foods tended to be highest in the ranking, and low fiber starch-based foods and fruit and vegetables had rather low indices.
Discussion
The research on FBI presented here differs from previous studies of the effects of dietary fiber on faecal bulk in that it is focused on the effects of entire foods, and the results have been expressed relative to the effects of a wheat bran reference. In the procedure described here FBI is based on mass rather than bulk, but as the faeces were about 70% moisture after rehydrating and the density of plant cell wall material is close to one, mass will have been an adequate basis for calculating FBI.
The results are consistent with reports of the effects of the dietary fiber in foods on faecal bulk and output, which have consistently shown that cereal fibers such as wheat bran increase faecal output, while the dietary fiber from fruit and vegetables is extensively fermented, and contributes much less to faecal bulk. 4 The comparison of pectin with ispaghula gum, showing a 400-fold difference is a clear demonstration that levels of dietary fiber in foods are not able to predict the different faecal bulking effects that the foods might have, particularly where the types of fiber involved differ. Food labels showing the dietary fiber content of foods that contain polysaccharides such as psyllium and ispaghula will not be able to inform consumers of the faecal bulking effects that they may experience. Some measure of effectiveness of foods is required.
The aim of the present study was to design an economical and standardized in vivo method for predicting the relative bulking capacity of foods in the distal colon. Achieving this aim clearly requires the use of small animal models, which afford a high degree of experimental control at low cost. A central question, then, is whether or not the rat model used in the present study can adequately represent humans. In fact, the rat model has been able to predict faecal output in humans with a high degree of accuracy even when the effects of dietary fibers rather than foods have been the focus, and when the effects of adding dietary fiber to diets were measured against fiber-free controls. 10 Digestion of fiber in the rat and man was shown to be quite similar in short-term studies. 11 More recently fiber fermentation has been shown to be less complete in the rat than in the human, but nonetheless, differences in fiber fermentation due to changing human diets were paralleled in the rat. 12 An in vivo model using whole foods for measuring FBI has several advantages over in vitro systems focused on dietary fiber. It enables FBI to be based on the digestibility of the whole food and fermentability of the food residue within a physiological environment that is buffered from the effects Table 4 . Faecal bulking indices (FBI) based on mass of rehydrated rat pellets from rats fed diets containing test mixes shown in Table 2 Diet FBI Mean SEM of end product accumulation, pH changes and so on. The effects of all non-digested components in addition to nonstarch polysaccharide, such as protein 8 and starch, 9 which may enter the large bowel and have significant effects, 13, 14 are included. It also allows for endogenous secretions such as mucin, which has been shown to be differentially stimulated by fiber. 15, 16 Another important advantage of in vivo over in vitro measurement of fermentation-resistant residues is that the contribution of all soluble components, such as non-fermentable soluble fiber, can be included because the colon confines it to within the faecal mass where it can contribute to the properties of the mass, which is not possible in liquid culture.
As FBI is a measurement of net effects of digestion, fermentation and water holding in the laboratory rat as used in the proposed procedure should be an appropriate indicative model. The assay depends on mixed bacterial fermentation of moderate amounts of undigested residues, from foods provided at realistic levels to a pre-adapted monogastric gut containing a flora already accustomed to a mixed fiber substrate. The precise composition of the gut flora probably does not matter; if there is material present that is susceptible to bacterial attack a population of microbes will exist to exploit the resource. All diets contained a base level of mixed non-starch polysaccharides so a substantial mixed population of bacteria would have always been present to utilize a range of fermentable food polysaccharides. Furthermore, the FBI is not intended to predict absolute amounts of faecal matter produced, but rather, to provide a comparative measure of the net impact of a food on colonic bulk after digestion and fermentation of food added to a diet already containing fiber.
Using rehydrated rather than fresh faecal mass in the measurement of FBI helps to overcome two problems. First, rat faecal pellets are far more dehydrated than human stools, and even though they have often been used to measure effects of fiber on faecal moisture they are not a suitable model. Second, large variations in water content between individuals and within a single faecal evacuation due to factors affecting the final degree of dehydration achieved at the point of evacuation are overcome. Bulk then becomes an independent property of the faecal mass determined by the amount of faecal dry matter and its water-holding capacity and should give a measure of the internal bulking capacity of distal colonic contents immediately before being dehydrated during formation of faeces.
It is assumed in the FBI procedure described that rehydrated faecal mass is a valid representation of distal colonic mass. The transformation from ileal digesta to faecal mass is a constant process with no set end-point. But final dehydration of the distal faecal mass into a faecal plug is a relatively acute change from its prior state in the distal colon. Rehydrated faeces will certainly equate to the colonic contents at some point late in their transition into a faecal mass although where that point occurs may differ between foods. Edwards et al. 10 showed that residues from in vitro fermentation could be used to predict faecal bulking in humans if water-holding capacity was included in the prediction, which suggests that using rehydrated faecal matter in the measurement of FBI is a physiologically valid approach to predicting distal colonic bulk in humans.
Based on moisture content, rehydrated rat pellets provide a model for human faeces. Fresh pellets of rats fed the base- line diet typically contain only about 46% moisture compared with human faeces, which contain 64-79% moisture. 6, 7 But after rehydration in the present study faeces from the baseline diet contained 61% moisture and those from the wheat bran reference diets contained 75% moisture, which is close to the range observed in numerous human studies. The data suggest that the intrinsic capacity of the gut-fermented residues to hold water was not greatly influenced by the host; rat versus human. The FBI thus appears to have a firm basis as an indicator of the tendency of a food to promote bulking in the distal colon. The aim of making FBI a rapid procedure meant that the possibility of the rats completely adapting to the diets, which can take many weeks to complete, was excluded. To overcome the need for an adaptation period, mixed fiber was included at baseline levels in all diets, so that the gut was already pre-adapted to fiber. Furthermore, the present research addressed the impact of whole foods on faecal properties, so variations in fiber intakes were seldom as extreme as in most experiments that have focused specifically on dietary fiber and used dietary fiber preparations. As the FBI is a relative measure of the impact of foods at normal levels in a mixed and varying diet, a completely stabilized, fully adapted animal model is not necessary; the human diet is not constant and adaptation to a single food is not the norm. The FBI is designed to indicate the effect of introducing foods into a mixed diet at moderate fiber levels, is not designed to cope with the effects of extraordinarily high intakes of individual food components, and does not involve transition from a no-fiber to high-fiber diet. But even under the extreme conditions of such a transition, acute adaptation to high fiber diets in the rat has been shown to be quite rapid, with most of the caecal content having adapted in 2 days to change from a fiber-free to 15% fiber diet. 17 In similar studies, when 10% resistant starch was added to a fiber-and starch-free diet in rats most of the adaptation of hind gut fermentation was complete within a few days. 18, 19 The lack of impact of large changes in fiber intake on FBI when feeding the wheat bran diets suggests that measurement of FBI is quite robust, at least with material that is intrinsically resistant to fermentation. This conclusion is supported by recent research on the effects of level of fiber intake on fiber digestion, which showed that the differences between rat and man were quite similar at both high and low fiber intakes. 12 The main purpose of the present study was to describe a basic protocol for measuring the distal colonic bulking efficacy of foods. The results to date indicate that the procedure would benefit from some modification to reduce variability, and that the 7-day trial period used in the present study is probably the minimum. The procedure would benefit from a larger number of rats per group and longer clean out and collection periods; for instance, a 14-day routine involving a 5-day baseline, 4-day prebalance and a 5-day balance period. The method would not be appropriate for foods that are consumed as large particles which remain intact during passage through the entire gut, but is limited by the ability of the rats to swallow large food particles.
The FBI can be used to provide an immediate indication of the relative bulking efficacy of foods on a weight-forweight basis, as shown in Fig. 2 . Ratios of FBI values can be used to calculate quantities of foods that are equivalent in bulking impact, and if such a ratio is used to compare all foods with a reference material, such as wheat bran, the bulking efficacy of any quantity of a food for which there is an FBI value can be expressed in bran equivalents. Then, if the daily requirement for bulk is known in bran equivalents, dietary management of colonic bulk becomes a simple matter of adding the bran equivalents, delivered in the diet, and calculating the shortfall that can be made up with an appropriate dietary source. The application of FBI to dietary management of colonic bulk will be discussed in detail elsewhere.
Dietary management of colonic bulk requires that daily requirements for bulk are determined. The requirements will no doubt be influenced by a large range of factors such as age, health, activity, and body size. Furthermore, the interaction of other properties such as abrasiveness, fermentive activity, and pH with faecal bulk in determining laxation requires further definition. The applicability to humans of FBI determined with rats would benefit from clinical validations in which the rats are fed a range of human diets in parallel with human subjects. Meanwhile, given that intakes of bulking matter are generally insufficient and that dietary fiber is an excessively crude basis for selecting diets for bulk, it is justifiable to propose that FBI, even in its present crude form, would be an improved basis for managing colonic bulk.
